A novel cell line, L1236, was established from the peripheral blood of a patient with Hodgkin's disease (HD). Two Ig VH and one V, gene rearrangements were amplified by polymerase chain reaction (PCR) from the DNA of this cell line, demonstrating its derivation from the B-cell lineage. To test the cell line for its clonal relationship to the Hodgkin/ReedSternberg (H-RS) cells in the patient, single H-RS cells were micromanipulated from tissue sections of a tumor-infiltrated bone marrow specimen from that patient and analyzed by N HODGKIN'S DISEASE (HD), the characteristic Hodg-I kin/Reed-Sternberg (H-RS) cells represent only a minor population in the tumor-usually less than 1% of cells. Due to the sparseness of these cells and the difficulties encountered in attempts to isolate them,'.' clonality and lineage derivation of H-RS cells is much Furthermore, little is known about gene expression and cellular differentiation of H-RS To overcome the difficulties in studying biopsy material and to establish an in vitro system for the investigation of HD, numerous attempts have been made to obtain cell lines from HD patients. So far, 14 such cell lines have been described in the literature."" However, since a derivation from H-RS cells of the respective patients has not been proven for any of these lines, their relevance for a characterization of the H-RS cells in the patient remains u n c 1 ear .
I kin/Reed-Sternberg (H-RS) cells represent only a minor population in the tumor-usually less than 1% of cells. Due to the sparseness of these cells and the difficulties encountered in attempts to isolate them,'.' clonality and lineage derivation of H-RS cells is much Furthermore, little is known about gene expression and cellular differentiation of H-RS To overcome the difficulties in studying biopsy material and to establish an in vitro system for the investigation of HD, numerous attempts have been made to obtain cell lines from HD patients. So far, 14 such cell lines have been described in the literature."" However, since a derivation from H-RS cells of the respective patients has not been proven for any of these lines, their relevance for a characterization of the H-RS cells in the patient remains u n c 1 ear .
Recently, we established a method to isolate single cells from frozen tissue sections by micromanipulation and analyzed those cells for rearranged V region genes.I6 Since V gene rearrangements are restricted to B-lineage cells and are highly specific for a B-cell clone,I7 the detection and sequence analysis of such rearrangements can be used to study the B-lineage origin and clonal relationship of the cells analyzed. The micromanipulation and polymerase chain reaction (PCR) method was applied to study three cases of HD for a possible clonality and B-lineage origin of the H-RS cells." Indeed, in all three cases, H-RS cells represented a clonal population and appeared to be derived from B cells at various stages of development.
Recently, a novel cell line, designated L1236, was established from the peripheral blood of a patient suffering from HD of mixed cellularity subtype (see accompanying article by Wolf et allga). Since biopsy material of the HD patient was available, we were in the position to address the question of whether the H-RS cells of the patient and LIZ36 cells carried Ig gene rearrangements, and if so, whether these rearrangements were identical.
MATERIALS AND METHODS
In 1991, HD of mixed cellularity subtype was diagnosed in a 31-year-old patient. Cell line L1236 was established from the peripheral blood of this patient (see accompanying article by Wolf et al). In April 1994, tumor infiltration of the bone marrow was observed. The respective bone marrow specimen obtained for monitoring tumor progression was the source of single H-RS cells analyzed in this study. The patient died in May 1994. Additional data concerning the case history are provided in the accompanying article by Wolf et al.
DNA was isolated from cell line L1236 by standard methods." Using VH and V, framework region I (FRI) family-specific primers together with J-segment primers?'the cell line was analyzed for rearranged VH and V, region genes as previously described." In addition, VH family-specific primers hybridizing to the leader region of VH genes were used. A PCR product was obtained with a vH1 leader primer (5' TCACCA-TGGACTGGACCTGGAG 3') and a vH3 leader primer (5' ACCATGGAGTTTGGGCTGAGCTG 3'). PCR products were gelpurified and directly sequenced from both sides using the cyclesequencing system (Life Technologies, Eggenstein, Germany) and the oligonucleotides used for amplification.
Micromanipulation and single cell PCR. Single cells were isolated from frozen sections of a bone marrow specimen of an HD patient by micromanipulation as previously described. 16. 20 Single CD30+ H-RS cells and CD3+ T cells were obtained from adjacent sections of the same specimen. Single B cells were micromanipulated from the mantle zone of a tonsillar section of another individual. That section was stained with Ki-67 antibody to identify germinal centers and the surrounding mantle zone. Micromanipulated cells were coded and analyzed in a blinded fashion.
Ten H-RS cells and seven T cells were analyzed in the first round of amplification with a primer mix containing the VH1 FRI primer, FlOVHl (5' GCCTGGGGCCTCAGTGAAGGT 3'; Fig I) , a primer specific for a region in the intron between JH3 and JH4 (H3P1: 5' CATCTCCCAGSTCCASGACAGA 3' ; Fig 2) , and the VH3, V,3, and 3' JH and J, primer mixes." In the second round of amplification, a 1-pL aliquot of the first round was reamplified in separate reactions with the following primer combinations: FlOVHl/S' JH mix,'" VH3/ H3P2 (5' AGSTCCASGACAGAGGACGCTG 3', internal to H3P1; Fig 2) , and V,3/5' J, mix. HVlF10 -------------------------G---------------C---------------- 
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Tyr Asn Gly L1236H1 TAC TTC TGT GGG AGA GGT GGC AGG TGG CGC AGT GGG AAC TAC AAT GGC KLH1 analyzed in a blinded fashion with the standard VH and V, primer mixes as previously described.'6.20
RESULTS

Amplification of rearranged V region genes from cell line
L1236. To analyze cell line L1236 for Ig gene rearrangements, three sets of oligonucleotides were used. For Ig H gene rearrangements, either a set of six VH leader region family-specific primers or a set of six primers that hybridize to the VH FRI of the six human VH gene families were used together with a J H gene primer mix. Analysis for V, gene rearrangements was performed with a set of six V, familyspecific primers and a J, primer mix.
A vH1 gene rearrangement was obtained with the vH1 leader primer, but not with the FRI primer. Sequence analysis of the PCR product revealed a potentially functional rearrangement of a vH1 gene with highest homology to the HVlFlO vH1 germline gene2* (Fig 1, L1236Hl ). There are 55 nucleotide differences between the VH gene segment of L1236H1 and the HVlFlO gene (ie, 87% homology). A J H~ gene was used in the rearrangement, but no D H gene could be identified (Fig 1) 
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212 bp to JH4 -> as compared with the J~4 b germline ~equence.'~ The failure to amplify this rearrangement with the vH1 F R I primer was most likely due to the fact that there were three mismatches in the rearranged VH gene versus the vH1 FRI primer, one close to the 3' end of the primer.
A vH3 gene rearrangement of unexpected length was amplified with both the vH3 FRI and leader primer. The PCR product was about 250 bp longer than would be expected for a typical VH gene rearrangement. Sequence analysis of the product obtained with the FRI primer showed several unusual features. The V gene segment was rearranged into the intron between JH3 and JH4, and there was a deletion of codons 30 to 33 in complementarity-determining region (CDR) I and a duplication of codons 66 to 73 in FRIII (Fig   2, L1236H3) . No DH gene segment could be identified. The VH gene segment of L1236H3 showed 77% homology to the V3-21 vH3 germline gene." Interestingly, close to the rearrangement breakpoint in the JH intron, a tetranucleotide sequence motif (5'CTGG3'/5'CCAG3') commonly found near nonhomologous recombinations involving Ig gene sequence~~' was found twice (Fig 2) . The same motif was also seen near the deletion in CDRI and within the duplication in FRIII (Fig 2) . Rearrangement of the VH gene into the JH intron about 250 bp upstream of the JH4 gene segment explains the unusual length of the PCR product.
A potentially functional V,3 gene rearrangement amplified from genomic DNA of L1236 was composed of the L2 V,3 germline gene2* rearranged to J,lZ9 (Fig 3, L1236K3) . The V, gene segment of L1236K3 carried 41 nucleotide differences versus L2 (84% homology). One mutation was found in the J,l gene segment (Fig 3) .
Since in a Southern blot analysis for rearranged Ig genes in L1236, two rearrangements at the Ig heavy-chain locus and one rearrangement at the K locus were detected (see accompanying article by Wolf et al), all V gene rearrangements carried by the cell line were successfully amplified by PCR.
For the three V gene rearrangements amplified from L1236, an analysis of the mutation pattern was performed. The relation of amino acid replacement (R) to silent (S) mutations (IUS value) can be taken as an indication for a possible selection of the antibody molecule for high-affinity binding to an antigen: R mutations should be underrepresented in the F R S to preserve the structure of the antibody V domain, whereas they are often overrepresented in CDRs, where R mutations can lead to an increased affinity to the respective antigen. IUS values of the three V gene rearrangements were compared with the expected values, assuming random mutagenesis (Table 2 ). It is evident that R mutations are underrepresented in the FRS of the two potentially functional V region genes (L1236H1 and L1236K3). In the nonfunctional vH3 gene rearrangement-which cannot be selected, since no protein is expressed-IUS values of F R S and CDRs are as expected for random mutagenesis (see Table 2 ).
Amplijication of rearranged V region genes from single, micromanipulated H-RS cells. The availability of an H-RS cell-infiltrated bone marrow specimen of the HD patient offered the unique chance to analyze the cell line for its clonal relationship to H-RS cells in the patient.
Using a recently established method,16 single H-RS cells were micromanipulated from a frozen tissue section of a bone marrow specimen from the HD patient (Fig 4) . Twenty 
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tonsillar germinal center were analyzed by single cell PCR for rearranged VH and V, region genes. In the first experiment, 10 H-RS cells and seven T cells were analyzed in a blinded fashion with a set of primers that allowed amplification of the three V gene rearrangements (one vH1, one vH3, and one V,3) detected in the cell line. Seven of 10 H-RS cells gave rise to at least one PCR product, with 15 products altogether ( Table 1) . Sequence analysis of the three vH1, seven vH3, and five V,3 PCR products revealed sequences identical to the ones carried by cell line L1236 (Fig 1 to 3) . No PCR product was obtained for the seven T cells analyzed as negative controls. In a second experiment, 10 H-RS cells, three T cells, and 10 mantle zone B cells were analyzed in a blinded fashion with a set of family-specific primers for the six VH and six V, gene families as previously described.'6,20 Six PCR products-three vH3 and three VK3-were obtained from four of 10 H-RS cells ( Table 1) . Three of 10 B cells gave rise to a total of five PCR products; three T cells were negative in the analysis. Sequence analysis of amplificates obtained from the H-RS and B cells showed sequences identical to the vH3 and V,3 rearrangements of cell line L1236 for H-RS cells, whereas B cells harbored clonally unrelated V region genes ( Table 1) . One of the PCR products obtained from a B cell represented a contamination from a previous experiment.
Taken together, the same V gene rearrangements carried by cell line L1236 were repeatedly amplified from single HTyr Tyr CY8 Gln Gln In experiment 1, only primers for the 3 V gene rearrangements detected in cell line L1236 were used; in experiment 2, a mixture of primers for all VH and V, gene families was used. The latter primer set does not allow amplification of the VH1 rearrangement of L1236.
One further V, 4 PCR product obtained from a B cell represented a contamination from a previous experiment.
was rearranged to the intron between JH3 and JH4. A tetranucleotide motif (5'CCAG3'/5'CTGG3' ) commonly found near nonhomologous recombination breakpoints in Ig genes" may be involved in these recombination events, since it was found near the deletion in CDRI, within the duplication in FRIII, and exactly at the recombination breakpoint in the JH intron (Fig 2) . Interestingly, such unusual V gene rearrangements had also been detected in three of five V H gene rearrangements described in our previous analysis of three cases of HD." Although more cases need to be analyzed, the frequent detection of deletionhsertion events in H-RS cells may indicate some specific genetic alteration of these cells, the nature of which remains to be explored. All three V region genes carried by the cell line and the H-RS cells seemed to be heavily mutated, since multiple nucleotide differences were seen in the sequence comparison to the most homologous germline genes (Figs 1 to 3) . That (at least most of) these differences in fact represent somatic point mutations and not V gene polymorphism or usage of hitherto undescribed V genes is based on the following The successful amplification of at least one of three V gene rearrangements carried by the cell line from 1 I of 20 H-RS cells and the lack of other detectable V gene rearrangements in those cells demonstrate that H-RS cells in this patient represent a clonal population. It is most likely due to technical reasons that PCR products were not obtained for all H-RS cells, eg, the fact that these cells were picked from about 10-pm tissue sections, so for most of the large H-RS cells, part of the nucleus should be missing."," The finding of a clonal population of H-RS cells in this patient confirms an earlier study of three cases of HD for which clonality of H-RS cells could also be demonstrated." Clonality of H-RS cells has also been shown using chromosome probes and interphase cytogenetics in each of seven cases of HD analyzed by Inghirami et On the other hand, Delabie et al" provided evidence that there might also be cases of HD in which H-RS cells represent a polyclonal population. Considering the hypothesis that HD may begin as an infectious process that, only after acquisition of further mutations in the H-RS progenitor, leads to the outgrowth of a fully malignant clone,39 the discrepancy between the analyses by Delabie et a13' and the studies of Inghirami et al" and ourselves may reflect different stages of disease progression. Indeed, two of four patients studied by us (the present case and a case of lymphocyte-predominant HD in our previous investigation'') were in a late stage of the disease.
The method of micromanipulation and single cell analysis for rearranged V region genes is suitable not only to study H-RS cells for a potential B-cell lineage origin and clonality, but also for the investigation of various aspects of the pathogenesis of this disease. 40 Besides the study of cell lines derived from HD tissues for their derivation from H-RS cells of the patient-as demonstrated in the present analysis-V gene rearrangements detected in H-RS cells can be used as molecular markers to search for members of the tumor clone in various parts of the body. Using tumor clone-specific primers (designed from the V gene sequences), stem cell preparations can be tested for a contamination by tumor cells in autologous bone marrow transplantation of HD patients, residual tumor cells may be detected after therapy, and small lymphocytes in the tumor tissue may be investigated for potential precursors of large H-RS cells.
Taken together, using a recently established micromanipulation method, we show that a cell line established from the The random R/S ratio was calculated taking the codon composition of the respective germline genes into account.
arguments. (1) The human V, locus has been extensively characterized-most likely, all V, genes and their alleles have been identified.30 Therefore, the V,3 gene sequence L1236K3 can be reliably assigned to the L2 germline gene. (2) There is one mutation in the J, segment of L1236K3 and there are four mutations in the JH segment of L1236H1 as compared with the corresponding germline genes. Since no polymorphism has been described for human J, genes29 and only three polymorphic forms of JH4 have been found in numerous VH gene rearrangements,23 the sequence differences in these J gene segments are likely to represent somatic point mutations.
The detection of VH and V, gene rearrangements clearly shows that H-RS cells in the patient are derived from a Blineage cell. Cross-lineage Ig gene rearrangements have been described in non-B-cell leukemias3'; however, they appear to be restricted to DHJH rearrangement^.^^ VHDHJH and lightchain gene rearrangements have only been detected in B Furthermore, based on the detection of a high load of somatic mutations in each of three V region genes, the progenitor of the H-RS cells appears to be a mature B cell, since the mechanism of somatic hypermutation is activated in antigen-stimulated human B cells proliferating in the microenvironment of the germinal center of lymphoid tissues." Thus, somatically mutated V region genes appear to be confined to germinal center B cells and their descendants, ie, memory B cells. H-RS cells of the present case may be derived from an antigen-selected (memory?) B cell. This is supported by the mutation analysis of the V gene rearrangements: the underrepresentation of replacement mutations in FRs of the two potentially functional V gene rearrangements (L1236H1 and L1236K3) but not in the nonfunctional VH region gene (L1236H3; Table 2 ) indicates selection for preservation of a functional antibody structure. However, stimulation and selection by an unknown antigen appears to be no longer needed in the cell line, since no surface Ig was detectable (see accompanying article by Wolf et al).
Alternatively, malignant transformation may have occurred in a germinal center B cell in which (after leaving the germinal center) further somatic hypermutation ceased. The lack of detectable intraclonal diversity due to ongoing somatic mutation suggests that the differentiation stage of H-RS cells is distinct from that of tumor cells in follicular lymphomas. In the latter lymphoma, a germinal center B-cell derivation is indicated by the detection of ongoing somatic mutation.3b Interestingly, ongoing somatic mutation was also For personal use only. on August 30, 2017. by guest www.bloodjournal.org From peripheral blood of an HD patient is derived from that patient's H-RS cells. This cell line should therefore represent a valuable in vitro system for molecular and cellular characterization of H-RS cells.
